ABSTRACT: Boar taint is characterized by an unpleasant taste or odor in intact male pigs and is primarily attributed to increased concentrations of androstenone and skatole and to a lesser extent by increased indole. The boar taint compounds skatole and indole are produced by gut bacteria, metabolized in the liver, and stored in the fat tissue. Androstenone, on the other hand, is synthesized in the testis along with testosterone and estrogens, which are known to be important factors affecting fertility. The main goal of this study was to investigate the relationship between genetic factors involved in the primary boar taint compounds in an attempt to discover ways to reduce boar taint without decreasing fertility-related compounds. Heritabilities and genetic correlations between traits were estimated for compounds related to boar taint (androstenone, skatole, indole) and reproduction (testosterone, 17β-estradiol, and estrone sulfate). Heritabilities in the range of 0.47 to 0.67 were detected for androstenone concentrations in both fat and plasma, whereas those for skatole and indole were slightly less (0.27 to 0.41). The genetic correlations between androstenone in plasma and fat were extremely high (0.91 to 0.98) in Duroc and Landrace. In addition, genetic correlations between androstenone (both plasma and fat) and the other sex steroids (estrone sulfate, 17β-estradiol, and testosterone) were very high, in the range of 0.80 to 0.95. Furthermore, a genome-wide association study (GWA) and a combined linkage disequilibrium and linkage analysis (LDLA) were conducted on 1,533 purebred Landrace and 1,027 purebred Duroc to find genome regions involved in genetic control of the boar taint compounds androstenone, skatole, and indole, and sex hormones related to fertility traits. Up to 3,297 informative SNP markers were included for both breeds, including SNP from several boar taint candidate genes. From the GWA study, we found that altogether 27 regions were significant at a genome-wide level (P < 0.05) and an additional 7 regions were significant at a chromosomal level. From the LDLA study, 7 regions were significant on a genome-wide level and an additional 7 regions were significant at a chromosomal level. The most convincing associations were obtained in 6 regions affecting skatole and indole in fat on chromosomes 1, 2, 3, 7, 13, and 14, 1 region on chromosome 6 affecting androstenone in plasma only, and 5 regions on chromosomes 3, 4, 13, and 15 affecting androstenone, testosterone, and estrogens.
INTRODUCTION
Male pigs used for pork production are normally castrated shortly after birth to prevent boar taint, which is characterized by an off-odor and off-flavor in meat from some intact male pigs. Castration is, however, undesirable because it removes the source of the natural anabolic androgens that stimulate lean growth, and because of animal welfare concerns. It is likely that in the near future, regulations in some countries will prohibit castration; thus, there is an urgent need to develop alternative methods to prevent tainted meat. Boar taint is primarily caused by increased concentrations of the compounds androstenone (5α-androst-16-en-3-one), skatole (3-methylindole), or indole, or all 3, in pig carcasses. Androstenone is a natural steroid produced by the Leydig cells of the testis and subsequently concentrated and converted in the salivary gland to an active sex pheromone. Androstenone is synthesized along with sex steroids (e.g., estrogens; Gower, 1972) , which are known to be important female sex hormones and important regulators for the normal function of the adult male reproductive tract and male fertility (reviewed by Hess, 2003) . It has also been proposed that estrogen concentration is an indicator of sexual maturity status in boars (Zamaratskaia et al., 2005a,b) . Furthermore, sufficient concentrations of testosterone are shown to be essential to maintain spermatogenesis and male fertility (reviewed by Walker, 2010) . Therefore, the sex hormones 17β-estradiol (one of the main estrogens), estrone sulfate (the reservoir for the active compound of 17β-estradiol), and testosterone were all included in the project to identify genome regions affecting concentrations of boar taint compounds and fertility-related components. Skatole and indole, metabolites from the AA tryptophan in the colon, are absorbed into the bloodstream and degraded in liver (Yokoyama and Carlson, 1979) . Skatole is found to have a fecal and naphthalene taste and odor (Vold, 1970) , whereas indole is thought to be less important in regard to boar taint (Lundström et al., 1984) .
Several major genes affecting concentrations of androstenone and skatole in fat have been proposed (reviewed by Zamaratskaia and Squires, 2009 ). Segregation of QTL have also been detected for androstenone in fat (Quintanilla et al., 2003; Lee et al., 2005) and for skatole in fat (Lee et al., 2005; Varona et al., 2005) , although the results reported are rather inconsistent. In this study, we conducted a genome scan on a large number of animals from 2 breeds, Norwegian Landrace and Duroc, involving the 3 boar taint compounds as well as several fertility-related traits.
MATERIALS AND METHODS
Animals were cared for according to laws and internationally recognized guidelines and regulations controlling experiments with live animals in Norway (The Animal Protection Act of December 20, 1974 , and the Animal Protection Ordinance Concerning Experiments with Animals of January 15, 1996) according to the rules given by the Norwegian Animal Research Authority.
Animals and Sampling
In total, 1,533 purebred Landrace and 1,027 purebred Duroc male pigs from 3 boar testing stations (NORS-VIN, Hamar, Norway) were included in this study. The animals were reared under equal conditions on the standard commercial feed with an energy content of 14.9 MJ of digestible energy, 17.8% raw protein, 5.6% fiber, 6% raw fat, 6% raw ash, and 1.12% lysine, without food or water restrictions. During the performance test, all individuals were weighed at the start (BW = approximately 25 kg) and the end of the test (BW = approximately 100 kg). On average, the Landrace and Duroc were 143 and 156 d old at 100 kg of BW, respectively. Ultrasonic measurement of fat thickness was also recorded at this stage. Following the performance test, most boars were kept in a waiting station before decision of further AI boar selection and were therefore slaughtered an average of 15 d later. The boars were harvested over a period of 26 mo. Blood samples (9 mL; 3 mL of EDTA in each tube) were collected from all boars at the boar testing stations up to 2 wk before slaughter for DNA extraction, plasma suspension, and measurements of testosterone, 17β-estradiol, and estrone sulfate. Samples of subcutaneous adipose tissue were collected from the neck region for androstenone, skatole, and indole measurements and stored at −20°C until analyzed. The length of bulbourethralis gland was measured twice per animal at the slaughter line and averaged. Furthermore, pedigree information was available for all individuals, containing 6 generations of parents. The Landrace material descended from 86 sires and the Duroc material descended from 68 sires. All the boars included in the study were half-sibs, except for 2 pairs of full-sibs.
Chemical Analyses
Androstenone concentration in subcutaneous adipose tissue was analyzed in all 1,533 Norwegian Landrace and 1,027 Duroc boars. The concentrations of androstenone were analyzed at the hormone laboratory at the Norwegian School of Veterinary Sciences (Oslo, Norway) by using a modified time-resolved fluoroimmunoassay (Tuomola et al., 1997) , and using antibody produced by Andresen (1974) . Average androstenone concentrations in fat were 1.17 μg/g (SD = 1.10) and 3.22 μg/g (SD = 2.69) for Landrace and Duroc populations, respectively. Concentrations of skatole and indole in adipose tissue were analyzed using HPLC (Tuomola et al., 1996) . Concentrations of testosterone, 17β-estradiol, and estrone sulfate in plasma were analyzed at the hormone laboratory at Oslo University Hospital (Aker, Norway). Plasma concentrations of testosterone were measured by RIA (Orion Diagnostica, Espoo, Finland). The intraassay and total assay CV were 7 and 9%, respectively. Plasma concentrations of 17β-estradiol were measured by fluoroimmunoassay (Perkin Elmer, Turku, Finland). The intraassay and total assay CV were 3 and 7%, respectively. Plasma concentrations of estrone sulfate were measured by RIA (Diagnostic System Laboratories Inc., Webster, TX). The intraassay and total assay CV were 5 and 7%, respectively. All the chemical compounds are reported in micrograms per gram (μg/g).
Genotyping and SNP Filtering
The DNA was isolated from leukocytes using the automated DNA extractor Bio Robot M48 and the supplementary MagAttract DNA Blood Midi M48 protocol from Qiagen (Valencia, CA). Concentrations were measured on a 1420 Victor plate reader (PerkinElmer Inc., Turku, Finland) using PicoGreen fluorescence (Molecular Probes, Eugene, OR) or on a NanoDrop ND-1000 Spectrophotometer (NanoDrop Technologies, Wilmington, DE). Normalization of DNA samples was done using the Biomek FX robot from Beckman (Beckman Coulter, Brea, CA). A porcine iSelect beadchip (Illumina, San Diego, CA) containing assays for 6,523 SNP was used for genotyping (Gregersen et al., 2008) . The SNP panel was constructed based on input from University of Aarhus, Faculty of Agricultural Sciences (Aarhus, Denmark), Roslin Institute (Edinburgh, UK), NORSVIN (Hamar, Norway), and Sanger Institute (Hinxton, UK). Samples were processed according to the Infinium Manual Laboratory Protocol (Illumina). Separate cluster files for Duroc and Landrace samples were automatically generated using the Genotyping module in BeadStudio (Illumina). Cluster positions were further refined with manual inspection, and the SNP were assigned to 1 of 9 different categories depending on cluster positions and pedigree errors. From a total of 6,523 SNP, we ended up with 3,297 and 2,927 SNP in Duroc and Landrace, respectively. The most frequent failing category was that the markers are monomorphic and the second most common failure was that no identifiable cluster was found. Gregersen et al. (2008) found that totally 4,593 SNP were working and polymorphic in several different breeds. The greater frequency of monomorphic SNP markers in our Landrace and Duroc populations was because the 7K SNP panel consisted mainly of SNP from in silico mining of expressed sequence tags and targeted resequencing of specific cDNA and sequence tag sites from other populations, such as Danish Landrace and Duroc, Hampshire, Yorkshire, and Erhualin (Panitz et al., 2007) .
Map Construction
Physical SNP positions were determined by BLAST search (http://www.ensembl.org/Multi/blastview) on the flanking sequences from informative Porcine 7K SNP against the pre-EnsEMBL Sus scrofa build 7 (ftp://ftp.sanger.ac.uk/pub/S_scrofa/assemblies/ PreEnsembl_Sscrofa7). The SScrofa7 covered only approximately 70% of the porcine genome, and thus, the markers not placed to the available genome sequence were positioned by using the human homologous sequences from Ensembl, release 47 (Hubbard et al., 2007) , as well as information from multipoint linkage analyses using the CRIMAP software (version 2.4; Green et al., 1990) . Recombination units were then transformed to map distances using the Haldane mapping function. The SNP markers that occurred more than twice were removed from the final map. All the noninformative markers were removed, and within-breed maps were constructed and used for the genome scan. The final numbers of SNP per chromosome are shown in Table 1 . Haploview was used for analyzing and visualizing linkage disequilibrium (LD) maps (Barrett et al., 2005) . Names of markers, positions (bp and cM) on Sscrofa7, observed and predicted heterozygosity, P-value of the Hardy-Weinberg test, minor allele frequency (MAF), and alleles are shown in supplemental data files 1 and 2 for Duroc and Landrace, respectively (available online at http://jss.fass. org/content/vol89/issue3/).
Statistical Analyses
Statistical analyses were performed for the 2 breeds (Duroc and Landrace) separately. Preliminary estimates of the phenotypes were found to have a skewed distribution and were consequently log-transformed. Furthermore, some animals had phenotypic levels below the detection limits of the chemo-analytical methods used and were recorded as zero. To avoid losing information by log-transformation, the detection limits were added to all phenotypes before transformation. The detection limit was 0.05 μg/g for androstenone, 0.01 μg/g for skatole and indole, 0.5 μg/g for testosterone and estrone sulfate, and 0.04 μg/g for 17β-estradiol. For both QTL studies, SNP with MAF <0.025 were dismissed from the statistical analyses.
Genetic Correlations and Heritabilities
Candidates for fixed and regression effects to be used in the variance component analysis were initially tested using the Proc GLM procedure (SAS Inst. Inc., Cary, NC). The effects were kept in the model when significant (P < 0.10). Linear or quadratic contrasts were examined. Quadratic response on concentration of androstenone in fat was found to be significant for the number of "born alive" littermates. Variance components were estimated using the DMU package (Madsen and Jensen, 2005 ). The following model was used for analyzing correlations and heritabilities of the boar taint and sex hormones: y = WS + HYS + pen + sample_dt + age_25
where y is the phenotypic observations of log-transformed concentrations of androstenone in fat and plasma (AndroF and AndroP, respectively), skatole (Skat), indole (Indo), testosterone (Testo), estrone sulfate (Esulf), 17β-estradiol (Ediol), and bulbourethralis gland length. Fixed effects in the model include pen, herd × year × season (HYS), the effect of the boar being moved to another pen after end of test [moved to waiting station (WS) or not], and sample-date (sample_dt). The fixed regression effects include solutions of the covariates age at 25 kg of BW (age_25), days from 25 to 100 kg of BW (days25_100), days in waiting station (days_ws), and number of "born alive" littermates (NLM) included as both linear and quadratic covariate (NLM 2 ). Random effects in the model include residual error term (e) and additive genetic effect (animal).
Combined Linkage and LD QTL Mapping. The midpoint of each marker bracket was regarded as a putative QTL position. The marker phases of the boars were determined using multi-locus iterative peeling (Meuwissen and Goddard, 2010 ). The following model was used to test for the presence of a QTL: y = μ + b1 × age_25 + b2 × days25_100 + b3 × days100_slaughter + pen + days_ws + HYS + WS
where μ is the overall mean; b1, b2, and b3 are regression coefficients on the variables age_25, days25_100, and days_ws, respectively. Animal, hap p , and hap m (the paternal and maternal haplotype effect, respectively) were random effects. Every boar was assumed to have 2 unique haplotypes, hap p and hap m , whose effects were assumed correlated by the identity by descent matrix (IBD). The IBD matrix was calculated using linkage and LD information as described by Meuwissen and Goddard (2007) . The animal effect was assumed to be correlated as defined by the relationship matrix between the animals. The likelihood of this model was estimated by ASREML (Gilmour et al., 2001) , and compared with a model that excluded the hap p and hap m effects. For this the likelihood ratio test statistic (LRT) = LogL(QTL) − LogL(0) was calculated at every bracket midpoint, where LogL(QTL) and LogL(0) are the log-likelihood of the model including or excluding the haplotype effects, respectively. The LRT was calculated at every bracket midpoint and assumed to follow a χ 2 distribution with 1 df. The method of Piepho (2001) was used to correct the LRT statistic for multiple testing within each chromosome, resulting in chromosomewise P-values. Genome-wide P-values were obtained by multiplying the chromosome-wise P-values by 18 (i.e., the number of chromosomes).
Genome-Wide Association Studies
The model used for the genome-wide association (GWA) study was identical to that for the LD linkage analysis (LDLA) mapping, except that here 1) every SNP was analyzed (instead of every bracket mid-point), 2) the hap m and hap p effects were replaced by the first and second SNP allele, and 3) the effects of the 2 SNP alleles were assumed uncorrelated (instead of assuming an IBD matrix). The SNP effect was included as a random effect, which made it possible to calculate LRT and the multiple testing corrections in the same way as for LDLA mapping.
RESULTS

Overall Mean Values, Heritabilities, and Correlations
The number of animals, overall means, and standard deviations of log-transformed data, and maximum and minimum values are shown in Tables 2 and 3 for Landrace and Duroc, respectively. Heritabilities and genetic correlations of androstenone (both fat and plasma), skatole, indole, testosterone, 17β-estradiol, and estrone sulfate are shown in Tables 4 and 5 for Landrace and Duroc, respectively.
Linkage Maps
The genetic SNP maps for autosomal chromosomes are presented in the supplemental data files 1 and 2, with 1 file per breed and 1 sheet per chromosome (available online at http://jas.fass.org/content/vol89/ issue3/). The map included 60 to 280 SNP per chromosome, and in total, 3,297 for Duroc and 2,927 for Landrace (the distribution of markers is shown in Table  1 ). The average distances between informative adjacent SNP markers are 0.53 and 0.59 cM in Landrace and Duroc, respectively. Some of the markers were found to be duplicated (19 in Duroc, 10 in Landrace) and was therefore removed from the maps.
QTL Study
The GWA analyses revealed 27 regions that were significant at a genome-wide level (P < 0.05) and an additional 7 regions significant at a chromosomal level. From the LDLA study, 7 regions were significant at a genome-wide level and an additional 7 regions at a chromosomal level. Results that were significant at P < 0.05 at the chromosome level in both methods, or in both breeds, using the LDLA method are presented in Table 6 . Six regions located on SSC 1, 2, 3, 7, 13, and 14 affected skatole and indole in fat, 1 region on SSC 6 affected androstenone in plasma only, and 5 regions on SSC 3, 4, 13, and 15 affected androstenone in fat/ plasma, testosterone, and estrogens. The LRT profiles on SSC 3, 7, and 14 are shown in Figures 1, 2 , and 3.
DISCUSSION
Overall Mean Values, Heritabilities, and Correlations
The descriptive data show that the concentrations of androstenone in fat were, on average, much greater in Duroc (3.28 μg/g) compared with Landrace (1.14 μg/g). If the consumer acceptance androstenone concentration of 1.0 μg/g were used, as many as 83% of the Duroc boars would have been rejected, whereas 34% of the Landrace would have been rejected. The concentration of skatole in fat was, on average, greater in Landrace (0.10 μg/g) than in Duroc (0.06 μg/g) boars. If the consumer acceptance skatole concentration of 0.20 μg/g were used, 14.5% of the Landrace boars and 9.5% of the Duroc boars would have been rejected, respectively.
The high heritabilities for androstenone in plasma and fat (h 2 = 0.47 to 0.67) found in this study were in accordance with those found in other studies (Sellier et al., 2000; Varona et al., 2005) . The heritabilities of skatole (0.37 and 0.41 for Duroc and Landrace, respectively) are supported by the results of Tajet et al. (2005) , whereas greater heritabilities for skatole are reported in the study of Varona et al. (2005) . Skatole and indole were found to be strongly correlated (0.71 to 0.78), which has been reported previously in several other studies (Lee et al., 2005; Bidanel et al., 2006) . The moderate positive correlations between skatole or indole and androstenone in fat (0.32 to 0.50) are also in accordance with other studies (Babol et al., 1999; Bidanel et al., 2006) , although Lee et al. (2005) did not obtain any correlations between these traits. Similarly, positive correlations are obtained between skatole or indole in fat and androstenone in plasma in our study (0.38 to 0.57). It has been suggested that a part of this correlation may be explained by the fact that androstenone affects skatole degradation in liver by repression of cytochrome P450 2E1 (CYP2E1) enzyme expression (Babol et al., 1999; Doran et al., 2004) . It is also interesting to note that the correlations between androstenone in fat and plasma are highly correlated: 0.91 and 0.98 in Duroc and Landrace, respectively. This finding suggests that, for breeding purposes, it is possible to use androstenone concentrations in plasma rather than androstenone in fat as an androstenone measurement, which would obviously be easier for routine sample collection. It also increases the ability 1 Androstenone_plasma = concentration of androstenone in plasma; Androstenone_fat = concentration of androstenone in fat; Indole = concentration of indole in fat; Testosterone = concentration of testosterone in plasma; Estrone sulfate = concentration of estrone sulfate in plasma; 17β-estradiol = concentration of 17β-estradiol in plasma; Skatole_fat = concentration of skatole in fat; Total born_siblings = total number of siblings within the litter; Days_WS = number of days at the waiting station; Days25_100 = number of days from 25 to 100 d of age; age_25 = age in days at 25 kg; Bulbourethral gland = length of the bulbourethral gland. Table 4 . Residual correlations (above the diagonal), heritabilities (on the diagonal), and genetic correlations (below the diagonal) for all traits in Landrace included in this study to measure androstenone before slaughter or before selection of AI boars.
Heritabilities were found to be high for concentrations of 17β-estradiol and estrone sulfate (h 2 = 0.50 to 0.65), and low to moderate (h 2 = 0.07 to 0.32) for testosterone in the 2 breeds included in this study. The genetic correlations between androstenone (fat and plasma) and the other 3 sex steroids were shown to be extremely high (0.80 to 0.95). This finding is supported by other studies (e.g., Sinclair et al., 2001) and is expected because androstenone is synthesized in the same pathway as estrogens and testosterone (Gower, 1972) . The overall conclusions from these results are that the high heritability makes it relatively easy to select against androstenone but very difficult to reduce concentrations of androstenone in regular breeding programs without simultaneously decreasing the concentrations of essential sex hormones, which in turn may affect the reproduction traits. Therefore, it is important to identify single genes that affect androstenone metabolism only, without affecting other essential sex hormones.
QTL Study
This study revealed several genome regions affecting the boar taint compounds androstenone and skatole, as well as the concentrations of the sex hormones, testos- Table 5 . Residual correlations (above the diagonal), heritabilities (on the diagonal), and genetic correlations (below the diagonal) for all traits in Duroc included in this study terone, and estrogens. Suggestive QTL affecting concentrations of androstenone in fat have been found previously in crossbred pig populations on SSC 2, 3, 4, 6, 7, 9, 10, 11, 13, 14, and 18 (Quintanilla et al., 2003; Lee et al., 2005) . Varona et al. (2005) were, however, not able to confirm these findings in an outbred Landrace population. In the current study, a greater number of purebred Landrace and Duroc boars were investigated, including recordings on androstenone, skatole, and indole, and the sex hormones testosterone, 17β-estradiol, and estrone sulfate. The QTL for androstenone in fat and plasma, testosterone, and estrogens were detected on SSC 3, 4, 13, and 15, and a QTL affecting solely androstenone in plasma was detected on SSC 6. The QTL detected on SSC 3, 4, and 13 are confirmed by findings in other studies (see above). Only 2 QTL were previously detected for concentrations of skatole in fat, 1 on SSC 14 in a crossbred population and 1 on SSC 6 in an outbred Landrace population (Varona et al., 2005 ). In the current study, we detected QTL regions affecting both skatole and indole on SSC 1, 2, 3, 7, 13, and 14. The position of the QTL on SSC 14 seemed to be located more telomeric than the one previously reported by Lee et al. (2005) .
QTL for Skatole and Indole
The QTL affecting skatole and indole on SSC 1, 2, 7, and 14 did not seem to affect any other traits recorded, and might therefore be very suitable for selection against boar taint. The QTL on SSC 1 was only detected in Duroc, whereas the QTL on SSC 7 was found only in Landrace. This finding was not unexpected because QTL might well be breed specific, and mapping results are highly influenced by the extent of LD in the different populations. The QTL on SSC 1, which has not been reported previously, maps to a narrow region of 98 to 103 cM using LDLA and did not seem to affect other hormone traits in our study. Notably, however, a QTL for age at puberty has been found in the same region of SSC 1 (Rohrer et al., 1999) . Additionally, polymorphisms within estrogen receptor 2, which maps to the same region on SSC 1, were found to be associated with litter size in a previous study (Rothschild et al., 1996) . A QTL for skatole was detected in position 95 to 111 cM on SSC 2 in both breeds. To our knowledge, this is the first report on QTL affecting skatole mapped to this region.
A genome-wide significant QTL for skatole and indole in Landrace was detected at position 60 to 84 cM on SSC 7 using both GWA and LDLA analysis. This is in the same region as the QTL affecting androstenone in fat reported by Quintanilla et al. (2003) , but slightly more telomeric than the QTL affecting skatole and indole in the study of Bidanel et al. (2006) . The genes CYP1A1, CYP1A2, and CYP11A1, which encode the cytochrome P450-1A1, 1A2, and 11A1 enzymes, respectively, are all located in the QTL region affecting skatole and indole on SSC 7. The CYP11A1 enzyme is known to catalyze the conversion of cholesterol to pregnenolone in the first and rate-limiting step of the steroid hormone synthesis (Miller, 1995) and has been found to be differentially expressed in porcine liver of high-androstenone boars (Grindflek et al., 2010) . However, no significant association was detected in Landrace between a CYP11A1 SNP and androstenone in fat. Similarly, no significant CYP11A1 SNP associations with androstenone were detected in the Large White and Meishan cross studied by Quintanilla et al. (2003) . More interestingly, the enzymes CYP1A1 and CYP1A2 are involved in degradation of skatole (Lanza and Yost, 2001) and are clearly good candidates for the QTL effects on SSC 7. The SSC 7 QTL affecting skatole and indole in Landrace may be potent candidates for reducing boar taint by selective breeding because we found no sign of association with reproduction hormones in this breed. In contrast, the GWA study revealed genome-wide significant results for androstenone in fat and plasma, estrone sulfate, 17β-estradiol, and testosterone for the Duroc breed in exactly the same QTL region on SSC 7, although this was not obtained by LDLA. Interestingly, QTL for age at puberty was also detected on SSC 7 at 48 to 73 cM in a previous study (Cassady et al., 2001) , and at least estrone sulfate is known to be correlated with sexual maturity (Zamaratskaia et al., 2005b) .
The QTL on SSC 14 is highly genome-wide significant for both skatole and indole in both breeds. The most likely position of the QTL is at position 76 to 114 cM, which is located more telomeric than the SSC 14 QTL on skatole reported by Lee et al. (2005) . The gene encoding CYP2E1, which has a central role in the metabolism of skatole (e.g., Babol et al., 1998; Skinner et al., 2005) , is an excellent positional candidate gene for this QTL (see supplemental data files 1 and 2). A previous study, using the same animal material as in this study, detected a haplotype within CYP2E1 that explain up to 6% of the phenotypic variance for skatole and up to 12% of the phenotypic variance for the indole (Moe et al., 2009) .
QTL Simultaneously Affecting all Boar Taint Traits and the Other Sex Hormones
The QTL on both SSC 3 and SSC 13 seem to have a combined effect on androstenone in fat, and skatole in plasma, and sex hormones in at least 1 of the 2 breeds. The QTL affecting both androstenone and skatole are expected because these traits are genetically correlated (0.32 to 0.44). The SSC 3 QTL in Landrace is highly significant for all traits in the LDLA analyses, whereas significant results are found for testosterone in the LDLA analyses and for androstenone (fat and plasma) and estrone sulfate in the GWA analyses in Duroc. The QTL are positioned to a narrow region of 42 to 51 cM in Landrace and to a wider region of 19 to 60 cM in Duroc. These QTL results are partly supported by Quintanilla et al. (2003) , who reported a QTL affecting androstenone in their Large White × Meishan cross.
For practical implementation in the breeding scheme, it is important to note that this QTL affects both androstenone and sex hormones as measured by concentrations of testosterone and estrogens. Because high correlations are reported between androstenone and the size of testes, it may also be relevant that a QTL for testis weight was detected on SSC 3 by Sato et al. (2003) . On SSC 13, significant results were found for androstenone in plasma and estrogens in Duroc, whereas all traits, including skatole and indole, seem to be affected in Landrace. The QTL positions are barely overlapping in the 2 breeds (19 to 31 cM in Landrace and 30 to 42 cM in Duroc), which might indicate that they represent different QTL. In addition, these findings are supported by findings in a previous QTL study for skatole and androstenone (Lee et al., 2005) . The most likely QTL position is, however, located some distance away from the QTL reported by Quintanilla et al. (2003) and Varona et al. (2005) .
QTL Simultaneously Affecting Both Androstenone and the Other Sex Hormones
The QTL detected on SSC 4 and SSC 15 were obtained for the androstenone traits as well as the other sex hormones. The QTL on SSC 4 was located at position 69 to 72 cM, which corresponds to the position of a androstenone QTL reported by Lee et al. (2005) , but more telomeric than the QTL found by Quintanilla et al. (2003) . The gene encoding 3β-hydroxysteroid dehydrogenase (3β-HSD), the first enzyme proposed to be involved in metabolism of androstenone (Brooks and Pearson, 1986) , is located within this QTL region (see supplemental files; available online at http://jss. fass.org/content/vol89/issue3/). However, the role of the 3β-HSD gene is contradictory. First, Chen et al. (2007) found differential gene expression in testes of boars with different concentrations of androstenone in fat but this was not confirmed in a recent study in our group (Grindflek et al., 2010) . Second, differences in protein expression in liver of boars with high or low androstenone has been reported by Nicolau-Solano et al. (2006) , whereas 2 studies in testes did not find such differences (Nicolau-Solano et al., 2006; Moe et al., 2007) . Third, no significant associations have been shown between polymorphisms in 3β-HSD and androstenone (Cue et al., 2007; Moe et al., 2009) . Although the bracket including SNP within 3β-HSD obtained the greatest LRT in the LDLA study, none of these SNP showed the greatest LRT in the association study (results not shown). The reason might be that no 3β-HSD SNP showed increased LD within the region, but this finding might also suggest involvement of other genes in the region. For SSC 15, a QTL for androstenone in fat and estrogens was detected in position 18 to 33 cM in Landrace, which is the first boar taint QTL reported on this chromosome. One suggested candidate gene in this region is encoding CYP450 family member CYP4V2, which is known to have an important role in steroid metabolism (Li et al., 2004) .
QTL Affecting Androstenone Only
In our study the only QTL affecting androstenone without detectable effects on the other sex hormones was obtained on SSC 6. A suggestive QTL was found for androstenone in plasma, not for androstenone in fat, by the LDLA method in Duroc only and in a narrow region of 44 to 46 cM. This corresponds approximately to the region of 57 to 61 Mb in the Sus scrofa build 9 physical map (http://www.ensembl.org/Sus_scrofa), and HSA1 26 to 33 Mb on the Homo sapiens (version GRCh37) physical map (Gregory et al., 2006) . A much greater level of significance was obtained in GWA, although only for a few markers in the region. A recent publication based on boars from a Dutch Duroc population reported a highly significant androstenone (fat) QTL in the region 36.9 to 44.9 Mb (Duijvesteijn et al., 2010) , which does not overlap with the QTL obtained in our study. The QTL detected here is also located between a QTL for androstenone in fat (flanking markers SW782 to SW1823) and a QTL affecting pork odor (flanking marker S0121) previously reported in a cross between Large White and Meishan pigs Lee et al. (2005) . Altogether, these studies convincingly demonstrate segregation of one or several QTL affecting concentrations of androstenone in a rather large chromosomal region. The region might be particularly interesting because it theoretically would allow for selection against increased androstenone concentrations without having a concurrent change in other hormones important for fertility traits. However, it is important to note that in our study the QTL affected androstenone in plasma only, not in fat, although the genetic correlation between androstenone in plasma and fat is very high (0.91 in Duroc). This might limit the practical implications because decreasing androstenone in fat is the desirable end-point. The QTL effect, therefore, needs to be confirmed in another generation before implementation in a breeding scheme.
To our knowledge this is the first QTL study including both boar taint compounds and reproduction-related hormones such as testosterone, 17β-estradiol, and estrone sulfate. The extremely high genetic correlations between androstenone and these fertility-related hormones are of great concern when considering selection against boar taint. Unfortunately, all the significant androstenone QTL, except the previously mentioned QTL obtained on SSC 6, affected both androstenone and the other sex hormones studied.
